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What role does attention to different object properties play in early vocabulary
development? This longitudinal study using event-related potentials in combination with
behavioral measures investigated 20- and 24-month-olds’ (n = 38; n = 34; overlapping
n = 24) ability to use object shape and object part information in word-object mapping.
The N400 component was used to measure semantic priming by images containing shape
or detail information. At 20 months, the N400 to words primed by object shape varied in
topography and amplitude depending on vocabulary size, and these differences predicted
productive vocabulary size at 24 months. At 24 months, when most of the children had
vocabularies of several hundred words, the relation between vocabulary size and the N400
effect in a shape context was weaker. Detached object parts did not function as word
primes regardless of age or vocabulary size, although the part-objects were identified
behaviorally. The behavioral measure, however, also showed relatively poor recognition of
the part-objects compared to the shape-objects. These three findings provide new support
for the link between shape recognition and early vocabulary development.
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INTRODUCTION
What visual cues do children use when learning the meaning of
words? The present study used online electrophysiological mea-
sures of semantic processing to investigate how toddlers are able
to use visual information of overall object shape or separate object
features to activate meaning and word representations. Critically,
we sought to investigate whether such neural processes are related
to vocabulary size and how they change with maturation around
the time of the vocabulary spurt.
Toward the end of the second year of life, children learn lan-
guage at a remarkable pace, on average doubling their rate of word
learning between 18 and 24 months compared to the preceding
6 months (Fenson et al., 1994), and show robust ability to fast
map novel words to objects (Woodward et al., 1994; Schafer and
Plunkett, 1998; Werker et al., 1998; Friedrich and Friederici, 2008;
Torkildsen et al., 2008). Fast mapping, a process through which
children are able to map a novel word to its referent after very
little exposure, seems to be linked to this rapid increase in vocab-
ulary growth. However, it should be noted that initial mappings
between novel words and referents observed in laboratory studies
of children this age do not necessarily result in long-term learn-
ing and the incorporation of the novel item in the lexicon. Rather,
young children’s learning and retention from fast mapping seems
limited to certain circumstances, such as the lack of competi-
tion during encoding, and retention improves with age (Horst
and Samuelson, 2008; Horst et al., 2010; Friedrich and Friederici,
2011; Bion et al., 2013). There are large individual differences
both in vocabulary size and vocabulary growth at specific ages.
Although children as a group undergo an acceleration of the rate
of word learning around 18 months, often termed the vocabulary
spurt, individual children may show a more continuous vocabu-
lary growth, or several separable spurts (Fenson et al., 1994; Dick
et al., 2008). The general acceleration of word learning has been
attributed to qualitative changes making the learning process
more efficient (e.g., Markman, 1990, 1992; Nazzi and Bertoncini,
2003), or alternatively improvements in domain-general learning
abilities (e.g., McMurray, 2007; Mayor and Plunkett, 2010).
Regardless of how this early vocabulary growth is best charac-
terized, our understanding of the individual differences in vocab-
ulary development can be advanced by studying how vocabulary
size relates to different processes involved in word learning situa-
tions. A robust observation in the literature of development is that
children (as well as adults) have a shape bias when extending novel
nouns to novel object exemplars, and that this bias correlates with
vocabulary size (Landau et al., 1988; Poulin-Dubois et al., 1999;
Gershkoff-Stowe and Smith, 2004). The shape bias is the tendency
to extend newly learned nouns to other objects that are simi-
lar in shape, rather than other properties such as size or texture.
Interestingly, the emergence of a shape bias coincides with the age
and vocabulary size corresponding to the vocabulary spurt, which
is typically between 18 and 24months with a common productive
vocabulary threshold at 50–75 words (see Ganger and Brent, 2004
for a review). Basic level nouns tend to dominate the early lexicon,
and basic level categories are typically organized by shape (Rosch
et al., 1976). Training young children to attend to shape in object
labeling situations can lead to improved novel noun generaliza-
tion as well as an acceleration of vocabulary growth outside the
lab (Smith et al., 2002). Consequently, it has been suggested that
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the shape bias is an attentional mechanism facilitating word learn-
ing by focusing the child’s attention on similarities in shape, thus
leading to a general insight that objects are categorized according
to shape. This, in turn, facilitates further word learning bymaking
it easier to generalize from one object to another within the same
category (Smith et al., 2002, 2010; Colunga and Smith, 2008).
A number of studies have investigated familiar object recogni-
tion based on shape properties, using a task of “shape caricature
recognition” (e.g., Smith, 2003; Pereira and Smith, 2009; Yee et al.,
2012). This task presents sparse three-dimensional “caricature”
versions of objects commonly familiar to young children, and asks
children to identify them in a forced-choice task. Smith (2003)
found that in children aged 17–25 months vocabulary size was
a better predictor than age of performance in this task, both
in a version using the object label (“Where is the ice cream?”)
and in a non-linguistic play task where children were judged on
using the objects in category-appropriate ways (“What can you
do with this?”). Critically, a control condition assured that the
children were equally good at recognizing typical perceptually
rich versions of the objects, regardless of vocabulary size. Since
then, several studies have shown that this type of shape carica-
ture object recognition is predictive of vocabulary size (Pereira
and Smith, 2009; Yee et al., 2012), and that 2-year-old so-called
“late talkers” show deficits in this ability (Jones and Smith, 2005).
Eighteen-month-olds that were trained with abstract shape exem-
plars were better at generalizing a label to a novel exemplar than
those trained with typical detailed exemplars (Son et al., 2008).
In an attempt to tease apart different routes to object recog-
nition, Pereira and Smith (2009) compared 18–24 month-olds’
ability to recognize familiar objects based on either correct overall
shape or correct local details, and found that children with small
vocabularies were better at recognition based on local details,
even if the overall shape was wrong, while children with large
vocabularies performed better when the overall shape was cor-
rect, even without the presence of local details. In a different
paradigm, Augustine et al. (2011) investigated how 18- to 30-
month-olds were able to use information about object part shapes
vs. part relations in an object matching task. When given known
objects the children were able to use the configural informa-
tion about the object parts, while novel objects were matched
only based on the shapes of individual parts, with no regard
for the relations between them. This finding relates to earlier
work demonstrating that younger infants (14- and 18-month-
olds) were only able to categorize animals and vehicles in the
presence of correct parts (legs or wheels), while older infants (22-
month-olds) were not dependent on this information (Rakison
and Butterworth, 1998). Although some previous studies have
demonstrated that already by 10 months children consider cor-
relations among features when categorizing objects (Younger and
Cohen, 1983, 1986), these studies have not assessed the referen-
tial relation among objects and their labels, which may engage
different processes. Taken together, these results have been used
to argue that object recognition based on shape is an impor-
tant developmental step in the process of achieving efficient word
learning abilities, and drives the further development of the shape
bias. Recognition of shape promotes generalization by beingmore
category-encompassing and less exemplar-specific than specific
features or details. Children might thus undergo a development
from object recognition based on fragments, local details or parts,
to that based on global shape, and this transition supports cate-
gorization and word learning (Son et al., 2008; Smith, 2009, 2013;
Yee et al., 2012).
Studies on the shape bias and shape caricature recognition
have used tasks requiring active responses from the participants.
However, our knowledge of early word learning has been greatly
enhanced by electrophysiological research on word comprehen-
sion and word-object mapping that captures the ongoing learning
and comprehension processes in the brain. In this research an
electrophysiological component called the N400 has been central.
The N400 component was first observed in adults in response to
semantically anomalous words in sentence contexts (Kutas and
Hillyard, 1980). Subsequent studies have shown that the N400
component is elicited by words and other meaningful stimuli, and
reflects semantic processing. It is modulated by semantic prim-
ing and/or ease of semantic integration into context (for recent
reviews, see Lau et al., 2008; Kutas and Federmeier, 2011). During
the last two decades, a number of studies have investigated the
maturation of the N400 in infants and children. It appears that
the component may be elicited from approximately 6–9 months
of age in picture-word congruity paradigms if the experimen-
tal circumstances are favorable (Friedrich and Friederici, 2011;
Junge et al., 2012). However, in more demanding versions of
this paradigm, the component may not be observed even at 12
months (Friedrich and Friederici, 2005b) and in late talkers and
children with dyslexia in the family, the N400 has been found
to be absent well into the second year (Friedrich and Friederici,
2006; Torkildsen et al., 2007). Several studies of older children and
adolescents suggest that the N400 has a long developmental time
course and may not be fully mature before around 19 years of age
(Holcomb et al., 1992; Juottonen et al., 1996; Atchley et al., 2006).
As the N400 component has become better documented in
children, it has become increasingly clear that it may serve as a
useful tool in the study of early lexical-semantic development.
Importantly, a number of studies have found links between the
N400 and vocabulary size (Mills et al., 2005; Torkildsen et al.,
2008, 2009; Friedrich and Friederici, 2010; Junge et al., 2012;
Rämä et al., 2013). Early N400 responses have also been found
to predict later language abilities (Friedrich and Friederici, 2006).
The nature of the relation between the N400 and vocabulary
knowledge is not entirely clear. However, it is unlikely that the
missing N400 in toddlers with small vocabularies is due to a lack
of the N400 mechanism itself, for instance due to an immaturity
of the underlying brain structures. For example, 12-month-olds
who did not show an N400 effect to picture-word pairs, did
show an N400 effect to inappropriate picture-natural sound pairs
(e.g., a barking or ringing) (Babocsai et al., 2007, in Friedrich,
2011). Also, the recent studies demonstrating N400 effects to
word stimuli in infants (6- and 9-month-olds) show that the
specific demands and conditions during experiments are critical
to whether an N400 effect is observed (Friedrich and Friederici,
2011; Junge et al., 2012).
The aim of the present study was to test the relation between
vocabulary development and the ability to map words onto
objects with overall shape or specific parts as cues. We contrasted
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the neural processes of word comprehension in contexts where
images contained only overall object shape information (silhou-
ettes) and contexts where images contained only fragmented
details of objects. We had two hypotheses motivated by previous
research: (1) that object shape recognition is positively corre-
lated with vocabulary size, and is a better predictor of vocabulary
than recognition of regular pictures, (2) that children progress
from object recognition based on fragments of objects to that
based on shape. In addition to a behavioral task of explicit
object identification, similar to that used in previous studies,
we used electrophysiological measures of semantic processing
that have the advantage of providing graded responses with a
high temporal resolution and thus reveal more subtle differences
between children at different stages of language development.
Differences between children in semantic processing may be seen
as amplitude differences in ERP effects, which indicates differ-
ential strength of underlying cognitive processes, or different
topographies, which can be a sign of different levels of matura-
tion of the brain regions involved or the engagement of different
processes and brain regions. This is the first study to investigate
shape recognition and vocabulary development using ERP mea-
sures. In order to capture the dynamics of development around
the vocabulary spurt, the experimental design was longitudinal
where children were presented with the same task at 20 and 24
months of age. In population estimates of productive vocabu-
lary in Swedish children, the 50th percentile at 20 months is at
74 words, which would mean that approximately half of the chil-
dren in this sample would be expected to be at a pre-vocabulary
spurt stage (using the common threshold of 75 words). At 24
months, more than 80% of Swedish children are estimated to
have vocabularies above 75 words (Eriksson and Berglund, 2002).
The experimental task was based on the paradigm developed by
Torkildsen et al. (2008, 2009), which was designed to study the
fast mapping process in toddlers. An initial learning phase of the
experiment established associations between images of common
objects and their correct labels, and in a subsequent test phase
the pictures were presented with incongruous words in order to
elicit an N400 incongruity effect. Additionally, modified versions
of the original images, which contained reduced visual informa-
tion, were also presented with congruous and incongruous word
pairs. We expected children with larger vocabularies, especially in
comparison to children with vocabulary sizes below 75 words, to
show a stronger N400 incongruity effect in the silhouette con-
dition specifically. If children progress from object recognition
based on parts or fragments early in development (age and vocab-
ulary) to that based on shape, we should see an N400 effect in
the detail condition regardless of age and vocabulary, and per-
haps a stronger effect in children with smaller vocabularies. Based
on previous research we expected children at both ages to display
an N400 effect in the regular picture condition, independent of
vocabulary size (Friedrich and Friederici, 2004, 2005a, 2006, 2008,
2010; Torkildsen et al., 2006, 2007, 2008).
A difference between the present and previous studies is
that the object parts condition employed images with only a
few salient details, isolated from each other (see Figure 1), in
order to test object recognition from fragments rather than con-
figural information about object parts. Previous studies have
used objects with incorrect configuration of parts (Pereira and
Smith, 2009; Augustine et al., 2011; Yee et al., 2012). The object
parts have been connected in a unified object, but results from
FIGURE 1 | Illustration of the block design in the ERP experiment, with the different conditions in each phase. There was always at least one interleaved
item between item repetitions, and each picture-word pair (three real words and their referents in each block) was presented five times in the familiarization phase.
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these studies have been taken as evidence for an early object
recognition described as based on “fragments” (Smith, 2009),
although a fragment is typically understood as “a small part bro-
ken off or detached” (American Heritage Dictionary, 2004). The
present study’s stimulus material was an attempt to test children’s
interpretation of object fragments specifically.
MATERIALS AND METHODS
PARTICIPANTS
20 months
The total sample of participants consisted of 77 children (36 boys)
at 20 months of age (±3 weeks), of which 56 were included in
either the electrophysiological or behavioral analysis. Only typ-
ically developing monolingual Swedish speaking children born
at full term (>36 gestational weeks) were included. Of these, 45
children completed the behavioral experiment (17 boys), and reli-
able electrophysiological data was obtained from 38 children (17
boys). The other 39 children were excluded from EEG analysis
due to fussiness, technical problems, or too few artifact-free tri-
als in one or more of the analyzed conditions. Attrition in the
behavioral experiment was mainly due to inability to consistently
perform the required response (pointing to the labeled object).
Developmental data from questionnaires was obtained for 74
children. The children were recruited mainly through child health
care centers in and around Lund, Sweden, and an information
campaign sent bymail to all children in certain areas close to Lund
that would fall within the appropriate age range during the study
period. The project was granted ethical approval by the Regional
Ethical Review Board, according to the decision DNR-2009-383.
24 months
The follow-up experimental session included 54 children (24
months ±3 weeks), of which three were excluded from all analy-
ses. The behavioral experiment was completed by 48 children (21
boys) and reliable electrophysiological data was obtained from 34
children (15 boys). Twenty children were excluded from the ERP
analysis due to reasons stated above. Longitudinal ERP data was
obtained from 24 participants (i.e., the subset of participants that
overlapped at 20 and 24 months). Of the additional 10 partic-
ipants in the ERP sample, eight had participated at 20 months
without fulfilling the inclusion criteria, and two children were
allowed to enter the study only for the 24 month session in order
to increase the sample.
MATERIALS
Three parent questionnaires were used to assess the children’s
general level of development. The Swedish Early Communicative
Development Inventory (SECDI) (Eriksson and Berglund, 2002),
a Swedish adaptation of MacArthur-Bates Communicative
Development Inventories (Fenson et al., 1993), was used (the
Words and Sentences version which assesses language production
skills, designed for children over 16 months). Additionally, we
used the 20 and 24months versions of a Swedish adaptation of the
Norwegian Ages and Stages Questionnaires (ASQ) (Squires et al.,
1999; Janson and Smith, 2003), which assesses the infant’s level
of development in various areas including language and motor
development.
The stimulus material was different in the 20 and 24 month
sessions. Please see the Supplementary Materials 2, 3 for com-
plete lists of the items used. The auditory stimulus material for
the ERP experiment at both time points consisted of 30 com-
mon count nouns (15 artifact labels and 15 animal labels). Parents
reported that their children comprehended on average 21 of these
words at 20 months (range = 10–28), and 26 words at 24 months
(range = 6–30). All words were recorded in an anechoic cham-
ber by a female voice, speaking in an infant-directed manner.
For the behavioral task, 18 common nouns, artifacts and ani-
mals, were included at 20 months, and 14 nouns at 24 months
(the task was shortened in order to decrease attrition). The visual
stimulus material consisted of cartoon images of the objects cor-
responding to the chosen nouns selected from the web-based
collection Clipart (Vital Imagery Ltd.)1. Two modified versions of
the pictures were created, one displaying only a few isolated parts
(showing between 30 and 40% of the original picture), and one
displaying a black, filled silhouette of the object (see Figure 1).
A pilot-test where a sample of children in the targeted age group
were asked to point to a named object among several pictures,
showed that the modified pictures were generally recognizable.
Cartoon-images of the objects were used rather than realistic
photographs for several reasons. First, we wished to use similar
stimuli as many of the previous experiments involving picture-
word matching (e.g., Friedrich and Friederici, 2004, 2008, 2011;
Torkildsen et al., 2008, 2009), and the drawings also seemed to
better resemble the type of toy stimuli used in behavioral experi-
ments on shape recognition (Pereira and Smith, 2009; Augustine
et al., 2011). Moreover, many children’s books have illustrations
rather than photographs, which makes it likely that toddlers
would be familiar with the procedure of labeling and pointing to
such pictures.
PROCEDURE
EEG experiment
The child sat on the parent’s lap, with a white cardboard screen
placed around them in order to block out distractions. The light
was dimmed so that the stimuli would become more salient,
and to help the child stay focused on the screen. EEG data
was recorded with infant versions of the 128 channels HydroCel
Geodesic Sensor Nets (Electrical Geodesics, Inc.) connected to a
Net Amps 300, with a sampling rate of 250 samples/s, referenced
to the vertex. Impedances were kept below 50 k, according to
recommendations from the manufacturer. The stimulus mate-
rial consisted of a slideshow of pictures presented on a 17 inch
computer screen (34 × 27 cm) positioned approximately 35 cm
from the child, and auditory presentation of words from a speaker
placed in front of the child. There were 10 blocks, allowing for
a short break in between blocks if necessary. During breaks, a
short animated film clip could be shown if the child seemed tired
or unfocused, in order to energize and reorient the child to the
screen. The experiment included both real words and their ref-
erents, and pseudowords paired with fantasy objects. Only data
from the real word conditions are presented in this paper. The
1Clipart. Vital Imagery Ltd. Clipart Available online at: http://www.clipart.
com [Accessed 2009].
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pseudoword conditions were included to study the novel word
learning process, and this data will be presented in another paper.
Each block consisted of three real words and three pseudowords
and their picture referents. Each picture-word pair was presented
five times in a pseudorandomized order, specified so that each
block began with a real word, there was always at least one inter-
leaved item in between item repetitions, and there were at most
two real word trials or pseudoword trials in a row. Two differ-
ent trial lists were used, containing the same stimuli but different
orders of presentation. Pictures were presented for 2150ms, with
a word onset of 1000ms after each picture onset, in order to
create a priming context for the word. In between each trial
a white screen was displayed for 500ms. The last part of each
block was a test phase, where each picture was presented together
with incongruous words from the same block, and the two mod-
ified versions of each picture were presented in a congruous
condition (with the correct label) and an incongruous condi-
tion. A video camera placed by the screen recorded the child’s
behavior, enabling the exclusion of trials where the child was
inattentive.
Behavioral experiment
The ERP experiment was performed before the behavioral exper-
iment. The child was seated on a parent’s lap at a table opposite
the experimenter. The picture stimuli were arranged 3 by 3 on a
size A4 white cardboard paper, and only pictures from the same
category (detail or silhouette) were presented at the same time.
The experimenter presented the cardboard papers one by one. For
each presentation, the child was asked to point out the correct pic-
ture of the object named (“Where is the dog?” or “Can you find
the dog?”), among the two distractors. The choice of distractors,
and the arrangement of the three pictures, was randomized, as
well as the order of the items. We created two versions of the ran-
domization and allocated half of the participants to each list. The
child only saw one version of each object (silhouette or detail).
As a control condition, there were also displays of each object in
its complete version. The objects that the child was not able to
identify correctly were presented at the end of the task in their
complete versions, and the child was once again asked to point
out the correct picture among two distractors. This test served
as a baseline to assess which words the child really knew and
was able to point out. The session was video-recorded to enable
subsequent analysis and coding.
ANALYSIS
EEG analysis
The video from each experimental session was viewed time-
locked to the session’s EEG data, and sections of inattentive-
ness (e.g., the child looking away, crying or yawning) were
rejected before further analysis. The EEG data was filtered using
a finite impulse response filter with a bandpass of 0.3–30Hz.
Epochs were created time-locked to word onset, lasting for
1250ms with a 100ms pre-stimulus baseline. Large artifacts and
bad channels were detected automatically (defined as max-min
voltage changes>200μV) in Net Station 4.5 (Electrical Geodesics
Inc.) and trials with more than 15 bad channels were rejected.
Individual trials were then checked visually to confirm the bad
channel detection and to adjust it so that it did not include
artifacts caused by eye blinks and eye movements (these were
left in the data for later correction). Remaining bad channels
were replaced using spherical spline interpolation. Data was re-
referenced to the average of all electrodes (excluding vertical and
horizontal eye electrodes and the nasion electrode). The choice
of average reference has been argued to be the least biased when
including a large number of electrodes (e.g., Picton et al., 2000).
An individual components analysis in EEGLAB (Delorme and
Makeig, 2004) was performed to identify and remove eye blink
and eye movement components, and remaining analyses were
performed in ERPLAB (Lopez-Calderon and Luck, 2014). Only
data from subjects who retained at least 10 artifact-free trials per
condition were included in the grand average and the statistical
analyses. The mean number of accepted trials per condition at 20
months was between 15 and 17 for all analyzed conditions, and
between 14 and 16 at 24 months.
Statistical analysis. Nine regions of interest (ROI), each includ-
ing six electrodes, were selected that covered left, midline, and
right sections of frontal, central, and parietal regions. These
regions were selected due to the N400 component’s typical topog-
raphy over centro-parietal regions, and occasionally in young
children frontal regions (Kutas and Federmeier, 2011). The aver-
age amplitude for the six electrodes was calculated to obtain one
measure for each region for use in statistical analyses. See the
Supplementary Material 1 for channel layout and the electrodes
included in each ROI. Only ERP data from the test phase and the
final presentation of the learning phase (incongruous vs. congru-
ous presentations) are reported in this paper. For regular pictures,
the incongruous presentation was compared to the fifth and final
congruous word presentation, since children at this point reason-
ably would have reached similar levels of familiarization with the
stimuli. The time period of 500–900ms was chosen for analy-
sis, based on the typical timing of N400-effects in this age group
(Friedrich and Friederici, 2004, 2010; Torkildsen et al., 2008).
This time period corresponded well with visual inspections of the
waveforms. After performing an omnibus ANOVA including all
conditions and electrode regions, analyses were focused on testing
central and parietal sites specifically, since these regions showed
the largest effect due to incongruity.
First, a five-way repeated measures ANOVA was performed,
with Picture Type (3 levels), Congruity (2 levels), Region (3 lev-
els), and Laterality (3 levels) as within-subject factors, and
vocabulary group (2 levels) as between-subject factors. Follow-
up three-way ANOVAs were performed in each of the three
conditions (regular, detail and silhouette pictures), at central
and parietal regions separately, to test for the effect of con-
gruity (2 levels: congruous, incongruous), and its interaction
with laterality (3 levels: left, midline, right) as within-subject
factors, and productive vocabulary group (2 levels: high, low)
as between-subject factor. In cases of significant interactions,
follow-up ANOVAs on each group or each lateral electrode site
were performed separately. Only significant effects and certain
effects approaching significance (p < 0.100) that include the con-
gruity factor are reported. An alpha-level of 0.05 was used for
all statistical tests. The Huyn-Feldt Bound correction was used
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when the assumption of sphericity was violated, and in these
cases unadjusted degrees of freedom and adjusted p-values are
reported.
Vocabulary measures
To investigate the relation between experimental effects and pro-
ductive vocabulary, participants were divided into two groups
based on their SECDI total productive vocabulary score according
to a median split. This was entered as a group factor in the statis-
tical analyses. Critical experimental measures that were found to
interact with vocabulary group were then followed-up in simple
regression analyses to explore relations with the continuous mea-
sure of vocabulary size. We also explored using only the number
of object count nouns as an alternative vocabulary measure, as
this has been shown to be particularly relevant to the development
of a shape bias (e.g., Pereira and Smith, 2009; Perry et al., 2010;
Perry and Samuelson, 2011). However, this measure was found
to correlate very strongly with the total vocabulary measure, and
substituting this measure for the total vocabulary measure in the
analyses did not alter any of the results.
Behavioral experiment
Children’s pointing responses were scored as correct or incorrect.
A response was marked as correct if the correct picture was the
first that the child pointed to. If the child pointed to another pic-
ture first, and then the correct picture, the response was marked
as correct only if the child also said the correct word when point-
ing to the picture, or named the other picture correctly and then
when asked a second time pointed to the correct picture. All other
responses, or the failure to respond, were marked as incorrect.
Finally, each child received one score for the detail pictures and
one for the silhouettes, where incorrectly identified objects that
the child was not able to identify in the regular picture version
were excluded.
RESULTS
ERP RESULTS
Results from the omnibus ANOVA for mean amplitudes between
500 and 900ms are presented in Table 1. There were significant
main effects of congruity (greater negativity in incongruous con-
dition) at both ages, as well as interactions between congruity and
region and near significant interactions with vocabulary group.
At 20 months there was an interaction between congruity and
picture type. Therefore, we continued to analyze each condition
separately, and central and parietal regions specifically, as the
interactions with region showed largest differences due to incon-
gruity over these sites.
Incongruity effects to regular pictures
Incongruous words elicited a large negativity over posterior sites
lasting from approximately 400–900ms, with a peak around
600ms (see Figure 2). At both 20 and 24months there was a main
effect of congruity at parietal electrodes: 20 months, F(1, 36) =
7.50, p = 0.010, η2p = 0.172; 24 months, F(1, 32) = 15.50, p <
0.001, η2p = 0.320. There were no significant interactions with
vocabulary group at either age.
Incongruity effects to silhouette pictures
Incongruous words presented with silhouette pictures elicited a
large negativity compared to congruous words, distributed across
posterior and central regions. The negative wave lasted from
approximately 400ms throughout the epoch, with a pronounced
peak around 600ms at parietal sites, but with a longer-lasting neg-
ativity at central sites. A summary of the results from the statistical
analyses at both ages are reported in Table 2.
20 months. There was a main effect of congruity over pari-
etal regions, with no significant interactions. At central sites,
there was a main effect of congruity, an interaction between
congruity and laterality, and a near-significant interaction with
vocabulary group. Follow-up analyses showed that the effect of
congruity was only significant at midline, F(1, 36) = 10.60, p =
0.002, η2p = 0.224 and right central electrodes, F(1, 36) = 9.39,
p = 0.004, η2p = 0.207, and at midline electrodes there was also
a significant interaction with vocabulary group, F(1, 36) = 4.12,
p = 0.050, η2p = 0.228. Separate group analyses revealed that only
the high vocabulary group had a significant effect of congruity
at this region, F(1, 18) = 10.45, p = 0.005, η2p = 0.367 [LV group:
F(1, 18) = 1.14, p = 0.301, η2p = 0.059]. This group difference
held true for the entire central region as well (see Table 2).
As a follow-up analysis to investigate the relation between
the silhouette central incongruity effect and vocabulary, we per-
formed a regression analysis to see if the mean difference ampli-
tude (incongruous minus congruous) over central sites between
500 and 900ms correlated with the continuous measure of pro-
ductive vocabulary. There was a significant relation, r = −0.375,
p = 0.020. Children with a larger negativity to the incongruous
Table 1 | Results from omnibus ANOVA.
20 months 24 months
F p η2p df Error df F p η
2
p df Error df
Congruity 7.043 0.012 0.164 1 36 10.71 0.003 0.251 1 32
PicType × Congruity 4.62 0.013 0.114 2 72 n.s.
PicType × Congruity × Region 3.55 0.011 0.090 6 216 n.s.
Congruity × Region × Laterality × PVGroup 2.039 0.093 0.054 6 216 n.s.
Congruity × Region n.s. 4.02 0.028 0.112 3 96
Congruity × Region × PVGroup n.s. 2.81 0.076 0.081 3 96
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FIGURE 2 | ERPs to incongruous vs. congruous words presented with regular pictures. Regions and time window with significant effect of congruity are
shaded. ∗∗p < 0.03; ∗∗∗p < 0.01.
Table 2 | Results from repeated measures ANOVA in the silhouette condition.
Full sample 20 months 24 months
F p η2p df Error df F p η
2
p df Error df
PARIETAL
Congruity 10.20 0.003 0.221 1 36 7.54 0.010 0.191 1 32
CENTRAL
Congruity 7.81 0.008 0.178 1 36 4.45 0.043 0.122 1 16
Congruity × Laterality 5.48 0.008 0.132 2 72 n.s.
Congruity × PVGroup 3.30 0.077 0.084 1 36 4.40 0.044 0.121 1 16
LOW VOCABULARY GROUP
Congruity (Central) 0.81 0.380 0.43 1 18 <0.001 0.995 <0.001 1 16
HIGH VOCABULARY GROUP
Congruity (Central) 7.53 0.013 0.295 1 18 13.63 0.002 0.460 1 16
word tended to have larger vocabularies, and the effect was even
stronger in a more narrow time window, 700–900ms, r = −0.43,
p = 0.008 (see Figure 3).
In sum, children displayed a parietal N400 component to
incongruities in the silhouette condition regardless of vocabu-
lary size. However, the size of the incongruity effect over central
electrode sites correlated with vocabulary size, where a larger
effect was associated with a larger vocabulary size. At the group
level, children with smaller vocabularies only had a parietal N400
effect, while children with larger vocabularies showed a parietal
N400 effect as well as a central negativity with a relatively right
lateralized distribution (see Figure 4).
24 months. Over parietal regions, there was a main effect of con-
gruity, with no significant interactions (see Table 2 and Figure 5).
At central sites, there was also a main effect of congruity, as well
as a significant interaction with vocabulary group. As was the
case at 20 months, only the HV group had a significant effect of
congruity over central sites.
We tested for a correlation between the central amplitude dif-
ference between 500 and 900ms and productive vocabulary at
24 months, but this relation was not significant, r = −0.258,
p = 0.140. There was no significant correlation in the more nar-
row time window either, 700–900ms (r = −0.217, p = 0.218), in
which the relation was strongest at 20 months.
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FIGURE 3 | Relation between productive vocabulary and the
difference in amplitude between congruous and incongruous words
in the silhouette condition (in the 700 and 900ms time window
over central electrodes), at 20 months. Note that a negative difference
score corresponds to a greater negativity to the incongruous
presentation, while a positive difference score corresponds to the
opposite pattern of response.
Incongruity effects to detail pictures
There was no clear difference in ERP waveforms to congruous
and incongruous words presented together with detail pictures,
at either 20 or 24 months (see Figure 6), and in the tested 500–
900ms time window there were no significant effects of congruity
at either age or region (all p-values above 0.19), and no interaction
with vocabulary group.
BEHAVIORAL RESULTS
Results from the behavioral measures, based on questionnaire
responses and the behavioral experiment, are reported in Table 3.
Scores are reported for the entire sample at each age and for the
groups of participants that were included in the ERP analyses
separately. As can be seen in Table 3, there was no difference in
vocabulary size between participants who contributed to the ERP
data and those who did not.
Behavioral experiment
20 months. An independent-samples t-test comparing the mean
productive vocabulary scores between participants who com-
pleted the behavioral experiment and those who did not,
showed that there was a significant difference between the
groups [t(72) = 4.26, p < 0.001, d = 1.04]. The group that com-
pleted the behavioral experiment had a mean score of 148
words (SD = 124) compared to the rest of the sample: M = 55
(SD = 62).
FIGURE 4 | ERP topography for the congruous and incongruous silhouette conditions at 20 months, displayed for the two vocabulary groups
separately. The time window with a significant effect of congruity in separate group analyses is shaded in gray (∗∗∗p < 0.01).
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FIGURE 5 | ERP topography for the congruous and incongruous silhouette conditions at 24 months, displayed for the two vocabulary groups
separately. Time windows with significant effects in separate group analyses are shaded in gray.
FIGURE 6 | ERPs to congruous and incongruous words presented with detail pictures, at 20 and 24 months.
The effect of condition on object identification was tested
using a repeated measures ANOVA with silhouette and detail
as the two levels of condition and productive vocabulary group
(based on a new median-split on the sample that completed
the behavioral experiment) as a between-subjects factor. A one-
sample t-test was performed to confirm that children performed
above chance. Children were better able to identify objects from
silhouette (Sil) pictures than detail (Det) pictures, F(1, 43) =
31.41, p < 0.001, η2p = 0.422, but both conditions were identi-
fied significantly better than the 33% chance level [Sil: t(44) =
24.61, p < 0.001, d = 3.79; Det: t(44) = 14.23, p < 0.001, d =
2.12]. There was no significant interaction between condition
and vocabulary group. We had predicted a correlation between
vocabulary and silhouette recognition particularly, but neither
condition correlated significantly with vocabulary. However,
recognition based on silhouettes, but not recognition based on
details, correlated significantly with our other language measure,
ASQ Communication (r = 0.32, p = 0.034).
Given that the behavioral experiment and the ERP experiment
were designed to test the same ability to recognize an object and
retrieve its verbal label, although provide differentmeasures of the
processes involved, we expected to see a relation between behav-
ioral performance in the silhouette condition andN400 difference
amplitude between congruous and incongruous presentations.
As predicted, there was a significant correlation between the
behavioral silhouette score and the mean parietal amplitude dif-
ference (incongruous minus congruous) between 500 and 900ms
(r = −0.40, p = 0.038). Thus, children who were better able to
point to the correct silhouette image weremore likely to have large
differences in N400 amplitude over parietal regions.
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Table 3 | Behavioral measures—descriptive statistics.
Scale Measure Full sample ERP sample
n Median Mean (SD) Range n Median Mean (SD) Range
20 MONTHS
ASQ Communication 74 45 41.89 (13.96) 5–60 38 45 41.18 (14.54) 5–60
ASQ Gross motor 74 60 54.32 (7.95) 25–60 38 55 53.42 (8.15) 30–60
ASQ Fine motor 74 50 49.93 (9.12) 30–60 38 55 50.92 (9.36) 30–60
ASQ Problem solving 74 45 43.45 (7.76) 25–60 38 45 44.47 (7.42) 30–60
ASQ Personal/Social 74 50 49.46 (7.66) 30–60 38 50 49.47 (7.69) 35–60
SECDI Prod. vocabulary 74 66 110 (112) 1–514 38 80 127 (131) 7–514
Behav. Experiment Silhouette 45 0.89 0.86 (0.14) 0.50–1.00 27 1.00 0.90 (0.14) 0.56–1.00
Behav. Experiment Detail 45 0.67 0.69 (0.17) 0.25–1.00 27 0.71 0.71 (0.17) 0.25–1.00
LV group Prod. Vocabulary 19 27 33 (20) 7–79
HV group Prod. Vocabulary 19 188 221 (127) 81–514
24 MONTHS
ASQ Communication 54 55 52.13 (11.06) 20–60 34 57 53.09 (10.52) 20–60
ASQ Gross motor 54 60 55.65 (5.99) 35–60 34 60 55.29 (6.74) 35–60
ASQ Fine motor 53 55 53.02 (6.23) 35–60 33 55 53.18 (6.10) 35–60
ASQ Problem solving 53 50 48.40 (9.29) 25–60 33 50 50.30 (8.10) 30–60
ASQ Personal/Social 54 50 50.37 (6.86) 35–60 34 50 50.15 (7.33) 35–60
SECDI Prod. vocabulary 54 315 291 (166) 6–605 34 318 296 (163) 15–605
Behav. Experiment Silhouette 48 1.00 0.92 (0.11) 0.57–1.00 31 1.00 0.93 (0.11) 0.57–1.00
Behav. Experiment Detail 48 0.86 0.85 (0.16) 0.50–1.00 31 1.00 0.85 (0.15) 0.57–1.00
LV group Prod. vocabulary 17 196 163 (101) 15–317
HV group Prod. vocabulary 17 391 428 (84) 318–605
24 months. The effect of condition on object identification was
tested using a repeated measures ANOVA with silhouette and
detail as the two levels of condition and productive vocabu-
lary group as a between-subjects factor. A one-sample t-test was
performed to confirm that children performed above chance.
Children were better able to identify objects from silhouette pic-
tures than detail pictures, F(1, 46) = 9.24, p = 0.004, η2p = 0.167,
but both conditions were identified significantly better than the
33% chance level [Sil: t(47) = 36.73, p < 0.001, d = 5.36; Det:
t(47) = 22.99, p < 0.001, d = 3.25]. There was no significant
interaction between condition and productive vocabulary group.
Performance in both the silhouette and detail conditions corre-
lated positively with productive vocabulary (Sil: r = 0.408, p =
0.004; Det: r = 0.340, p = 0.017). Only the silhouette condi-
tion correlated positively with the ASQ Communication scale,
r = 0.39, p = 0.006. No correlation was found between perfor-
mance in the silhouette condition and ERP difference amplitude
as an effect of incongruity in silhouette contexts.
LONGITUDINAL RESULTS
We explored the relation between vocabulary size at 20 and
24 months in the overall sample (n = 49). In a simple linear
regression, there was a strong positive correlation (β = 0.784,
p < 0.001). It was clear from a scatter-plot of the two variables
that vocabularies increased in a non-linear manner. A regression
with a logarithmic estimation provided a better fit for the data
(β = 0.877, p < 0.001), and this was confirmed by a loess fitted
line (data-driven) that very closely followed the logarithmic fitted
line (see Figure 7A). Small vocabularies at 20 months showed a
greater increase by 24 months than larger vocabularies. Figure 7B
shows themovement between vocabulary groups, used in the ERP
analysis, at the two time points.
The longitudinal design permitted us to see if the ERP incon-
gruity responses and behavioral performance at 20 months pre-
dicted later vocabulary at 24 months. The ERP measures used
as predictors were the parietal difference in amplitude between
500 and 900ms as an effect of incongruity in each picture condi-
tion. For the silhouette condition we also tested the central effect
that was found to interact with 20 month productive vocabulary.
These variables were entered into a step-wise multiple regression
model, and the only variable to be included was the central sil-
houette effect (β = −0.357, p = 0.045). The other measures were
all completely uncorrelated with 24 month vocabulary (all r <
0.100, p > 0.300). A similar regression was performed includ-
ing the two behavioral performance measures at 20 months, and
none was found to be a significant predictor (detail condition: r =
0.145, p = 0.451; silhouette condition: r = 0.263, p = 0.169).
DISCUSSION
An attenuation of N400 amplitude in response to a word fol-
lowing a congruous picture compared to an incongruous picture
indicates that children were able to recognize the object and that
this visual information activated semantic information and the
associated lexical item. Different strengths of the N400 effect then
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FIGURE 7 | (A) Relation between productive vocabularies measured by the
SECDI at 20 and 24months. The dotted line represents a logarithmic fitted line,
and the connected line represents a loess fit. (B) Illustration of participants
from the ERP samples included in the high vs. low vocabulary groups at the
two time points. The number by the arrow represents the number of
participants from the 20 month groups that were included in each group at 24
months. Note that 24 participants from the 20 month sample provided ERP
data at 24 months, and 10 “novel” participants entered the 24 month groups.
suggest different levels of efficiency in the connection between the
visual stimulus and associated word.
A critical control in this experiment was the semantic prim-
ing effect from regular whole pictures of common objects. Both
20-month-olds and 24-month-olds responded with an N400
incongruity effect that did not interact with vocabulary size. This
replicates several previous studies demonstrating the presence of
an N400 incongruity effect in this age group and younger chil-
dren, in similar picture-word mapping paradigms (Friedrich and
Friederici, 2004, 2005a, 2006, 2008, 2010; Torkildsen et al., 2006,
2008, 2009). The longitudinal comparison also showed that the
N400 effect grew stronger with age.
WORD MAPPING BASED ON SHAPE INFORMATION
The main hypothesis in this study concerned children’s use of
object shape information in word learning, and the role of
shape recognition in vocabulary development. We expected the
semantic priming effect by silhouette presentations to corre-
late with vocabulary size. In line with our hypothesis, the ERP
results showed that children displayed different patterns of the
incongruity effect in silhouette contexts depending on vocabu-
lary size. Children with large vocabularies had a centro-parietal
distribution of the N400, while those with small vocabularies
only displayed a parietal effect. At 20 months, this pattern was
directly correlated with individual vocabulary scores, where a
larger vocabulary was associated with a larger incongruity effect
over central electrode sites. This suggests that, although children
at both levels of development were semantically primed by object
silhouettes and responded to the incongruity, they processed the
information in different ways, which was not the case in the reg-
ular picture condition. The results at 24 months can be seen as a
replication of the 20 month results at the group level. Even with
an addition of novel participants and some movement between
vocabulary groups, the group differences remained. However, the
lack of a correlation between the continuous vocabulary measure
and ERP amplitude suggests a less direct relation.
A similar pattern of a more frontal distribution of the N400
in children with larger vocabularies was found in Torkildsen
et al. (2008), although in that experiment only regular pictures
of objects were used as stimuli. It is possible that the more central
distribution in children with large vocabularies indicates involve-
ment of additional processes related to enhanced attention and
stimulus saliency, such as seen in the Nc component. This ERP
component, observed only in infants and children (Csibra et al.,
2008), is understood to reflect aspects of attention related to the
perception of salient and interesting events (Courchesne, 1978).
In the present experimental context, the large central negativity
to words following incongruous silhouettes compared to congru-
ous ones might indicate that the children with large vocabularies
perceived this as a highly salient event and recruited more atten-
tional resources, perhaps in an attempt to integrate the word in
the incongruous context. This interpretation supports the idea
that attention to shape properties of objects increases as early
vocabularies reach a certain size (Pereira and Smith, 2009; Smith,
2009, 2013; Yee et al., 2012). At 20 months, when this correla-
tion was significant, half of the sample had vocabularies under
80 words, which is around the common threshold of the vocab-
ulary spurt (50–75 words), while at 24 months, when most of
the children had vocabularies of at least a 100 words, there was
no longer a significant relation between the incongruity effect
and productive vocabulary. This indicates that modulations of
the incongruity effect were influenced by whether children had
particularly small vocabularies, and not just any differences in
vocabulary size. Regardless of whether the acceleration in vocab-
ulary growth is viewed as continuous or a “spurt,” the non-linear
relation between 20 and 24 month vocabulary, which showed a
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steeper increase in vocabularies that were relatively small at 20
months while the growth rate leveled off for larger vocabularies,
illustrates that the current sample underwent a growth pattern
consistent with the onset of a vocabulary spurt before 100 words.
In contrast to previous behavioral studies on shape caricature
recognition, which have used 3-dimensional object stimuli, the
present study used 2-dimensional cartoon images of objects. This
enabled a computerized stimulus presentation, but also an exten-
sion of the current knowledge about which type of shape cues that
have a special role in word learning. Our shape condition used
outline shape in the form of a silhouette, rather than an abstract
3-dimensional shape caricature. It has been demonstrated that
adults easily recognize objects from outline images, and that out-
line shapes function as primes for object labels (Rosch et al., 1976;
Hayward, 1998). Hayward (1998) theorized that “outline shape
might be particularly crucial for achieving object constancy or
recognition across a change in observed viewpoint,” which sug-
gests that it may be an important feature in generalization in a way
similar to how abstract shape caricatures are thought to promote
generalization (e.g., Smith, 2009). Moreover, research has shown
that toddlers and adults prefer an upright planar view-point when
freely handling and viewing three-dimensional objects (Pereira
et al., 2010), which suggests that using two-dimensional planar
views of objects is appropriate when studying children’s object
recognition.
Our behavioral experiment used the same type of stimuli as
the ERP experiment, but the task required explicit identification
of objects corresponding to the word used. Children performed
this task relatively well at both ages, and interestingly, the abil-
ity to identify silhouette images correlated with the parietal ERP
incongruity effect at 20 months, but not at 24 months. Thus, 20-
month-olds who were better at identifying word referents from
silhouettes had a stronger parietal N400 incongruity effect. This
correlation between our two experimental tasks supports our
interpretation of the ERP incongruity effects as reflecting referen-
tial lexical processing. The fact that there was no such correlation
at 24 months suggests that at that age most children’s N400
responses had matured to the point where the efficient mecha-
nismwas in place and this electrophysiological response no longer
accounted for the differences in behavioral performance. The dif-
ferences in behavioral performance at 20 months, however, seem
to be in part explained by weaker associations between words and
silhouette versions of their referents, as indicated by the weaker
N400 incongruity effect.
The correlation between performance in the behavioral exper-
iment and vocabulary at 24 months but not at 20 months differs
from earlier research which has found that shape caricature recog-
nition correlates with vocabulary between 18 and 24 months
(Pereira and Smith, 2009; Yee et al., 2012). Silhouette recogni-
tion specifically, however, was associated with other more general
aspects of communicative development at 20 months, as mea-
sured by the ASQ Communication Scale which includes items
about comprehension, the ability to point to objects when a par-
ent asks for them, as well as word production. The difference
in results regarding vocabulary compared to previous studies
may be due to differences in stimuli, where our silhouette stim-
uli displayed a different kind of shape information than the
three-dimensional abstract shape caricatures used previously. In
relation to these earlier studies, outline shape seemed to be easier
for children to recognize, judging by the ceiling effect seen in our
data. This may be because outlines reveal more local information,
and information about object parts, despite the lack of any sur-
face details. By using a different type of stimulus material we can
extend previous knowledge by showing that differential sensitiv-
ity to shape in naming contexts by children at different levels of
vocabulary acquisition is not restricted to abstract shape carica-
tures, but also regards outline shape in two-dimensional images.
For this type of stimuli, however, electrophysiological measures
were able to capture this differential processing at an earlier age
than behavioral measures.
In the present study, behavioral identification of both silhou-
ette and detail pictures correlated with vocabulary at 24 months,
but the correlation was stronger for the silhouette condition. This
reveals an interesting pattern. Although the electrophysiological
data suggest that children with larger vocabularies at 20 months
attended more to words in silhouette contexts than children with
smaller vocabularies, other factors than their language compe-
tence seemed to significantly affect their behavioral performance
at this early age. Such factors could be related to social skills and
mastering the general task of pointing to pictures. A difference
between the ERP task and the behavioral task is that the ERP
task did not require any active participation from the child, or
interaction with an experimenter. In contrast, the behavioral task
required interaction, and the ability to follow instructions, and
perhaps individual differences in such abilities or motivations
to participate contributed more to the differences in behavioral
performance. The ERP measures on the other hand could more
directly pick up differences in cognitive processes related to lan-
guage skills. It is also possible that the children who were able
to perform the behavioral task, after a demanding ERP exper-
iment, as a group had higher general cognitive skills (language
and/or attention), and thus the variability was decreased in this
group. This interpretation is supported by the significantly larger
vocabulary size among the 20-month-olds who successfully per-
formed the behavioral task. Four months later, when vocabularies
had grown above a certain point, there was no systematic relation
between individual vocabularies and ERP responses (although
there were still group differences). But at this point, vocabulary
was a more reliable predictor for behavioral performance. The
attrition in the behavioral experiment was also much lower than
at 20 months, and language skills in the behavioral sample more
closely matched those of the entire sample.
Among all our experimental measures at 20 months, only the
silhouette ERP incongruity effect predicted vocabulary size at 24
months. This supports the theory that sensitivity to shape infor-
mation in relation to word labeling has particular relevance for
vocabulary development. Since the N400 effect to regular pic-
tures was independent of vocabulary size, we know that the effect
of vocabulary size is not due to differences in the N400 mecha-
nism. Rather, children with large vocabularies were more strongly
semantically primed by object shape specifically. However, we do
not knowwhether this stronger effect was due to a richer semantic
understanding of the specific words used, or whether it was driven
by a generally larger vocabulary size. The extensive familiarization
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phase with five congruous pairings was incorporated in order to
minimize differences in specific stimulus familiarity, and this has
been shown to make a critical difference. When using a familiar-
ization phase even 9-month-old infants can produce N400 effects
to words (Junge et al., 2012), while only 12-month-olds with
large vocabularies showed the effect when a familiarization phase
was not present (Friedrich and Friederici, 2011). One study that
attempted to test the hypothesis that the N400 effect is a reliable
measure of specific vocabulary knowledge, found no correlation
between the N400 effect and behavioral measures of vocabu-
lary knowledge for the same items in 8- to 9-year-old children.
Instead, the N400 correlated with general listening comprehen-
sion (Henderson et al., 2011). It is still possible that a behavioral
measure of vocabulary knowledge does not pick up subtle dif-
ferences in semantic knowledge of specific items, or simply the
efficiency with which words are retrieved from long-term mem-
ory upon encounter with different semantic cues. Such differences
in efficiency may be due to both experience with specific words
and general experience with linking words and their referents
which comes with a larger vocabulary. It is likely that these two
factors are both involved in the differences in N400 effects seen in
children with different vocabulary sizes.
WORD MAPPING TO OBJECT PARTS
Another of our main hypotheses was that children progress from
object recognition based on fragments to that based on shape,
which has been suggested by some previous experiments and the-
ories (Pereira and Smith, 2009; Smith, 2009, 2013). We aimed to
test this more directly than previous studies, by using stimuli dis-
playing detached object parts rather than parts connected with
an incorrect configuration. Our results did not provide any evi-
dence for this hypothesis. First, behavioral performance in the
detail condition was worse than the silhouette condition for all
children at both 20 and 24 months, and correlated positively with
vocabulary at 24 months. In contrast, Pereira and Smith (2009)
found that children with the smallest vocabularies were better at
recognizing objects from only parts information. Also, we found
no ERP evidence of semantic priming from the detail pictures at
either age, which would be expected if children recognized the
objects from the pictures andmapped them to knownword repre-
sentations. Visual inspection of the ERP waveforms at 24 months,
and the lack of a significant interaction between congruity and
picture condition at this age, suggests that the processing of the
part-object stimuli was becoming more similar to the processing
seen in the other conditions, which could mean that the children
may be semantically primed by object fragments when they grow
older. However, our results suggest that children do not recog-
nize objects based on isolated fragments early in development.
It has been reliably demonstrated that children have a whole-
object bias when mapping words to objects, which means that
they assume that words refer to whole objects and not parts of
objects (e.g., Markman, 1990, 1992). Therefore, it is possible that
children did not perceive the detail pictures in the present study
as whole objects, and thus the whole object word was not primed
by the picture. Rather, perhaps words referring to the object parts
such as “eye,” “door,” “leg” etc. were activated by the picture pre-
sentation. While there was a lack of priming by detail pictures in
the ERP task, the behavioral task showed that the children were
able to recognize the objects in the detail pictures, although per-
formance was clearly lower than in the silhouette task, indicating
that many had difficulty identifying these stimuli. This discrep-
ancy may be due to the relatively fast presentation rate in the ERP
task compared to the behavioral task where there was no time
limit. Moreover, the behavioral task was a forced choice between
two items and could be solved by simply choosing the picture that
was the best match for the word. The lack of ERP effects in the
detail condition and the relatively poor performance in identi-
fying the part-objects behaviorally suggest that the stimuli used
in the present study engage other processes of object recognition
than the part-object stimuli used in Pereira and Smith (2009).
Consequently, it would be interesting to see future studies using
two-dimensional object drawings that lack shape information but
still keep object parts unified. Such an approach would require
that one determines which features that constitute a part, and
then move these around in different constellations. It is possible
that such stimuli would function better as word primes, and if
so they should also be easier to identify behaviorally. In prepar-
ing the present study, such stimuli were considered, but proved
difficult to create while still maintaining a reasonable level of
recognizability.
Given the uniqueness of the stimuli used in this experiment,
our results do not allow any conclusions about the accuracy of the
theory about object recognition progressing from non-configural
to shape-based. However, the term “fragment”-based has been
used to describe the early form of object recognition (Smith,
2009). Our results speak against this interpretation, because the
object fragments used in the present study were found to be more
difficult to recognize than object silhouettes. A possible argument
against this conclusion is that children may need all object frag-
ments to be present, and our results would be due to the fact
that only a few salient parts were displayed. In that case, it would
mean that children take into account the combination of parts,
rather than individual fragments. We can, however, conclude that
children found it more difficult to identify objects from pictures
of fragments than from silhouettes, regardless of their stage of
vocabulary development.
CONCLUSIONS
We conducted a longitudinal study to investigate the link between
toddlers’ sensitivity to object shape vs. object parts in labeling
contexts, for the first time linking behavioral and electrophysi-
ological measures of word-object mapping in this research area.
We found that, in 20-month-olds, the N400 incongruity effect to
words primed by silhouette pictures varied in topography and
amplitude depending on vocabulary size, and these differences
predicted the children’s productive vocabulary size 4months later.
ERP responses elicited in regular picture contexts and detail pic-
ture contexts were not related to vocabulary size. At 24 months,
electrophysiological responses to shape did not correlate with
vocabulary size. By comparing ERP responses with a behavioral
test of object recognition, we could see that our ERP measure of
word-shape mapping correlated with vocabulary size already at
20 months, while behavioral performance did not correlate with
vocabulary until 24 months. This highlights the methodological
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strength of combining different measures, and the added sensitiv-
ity provided by electrophysiological measures in picking up indi-
vidual differences. In sum, we have demonstrated that productive
vocabulary size is related to differences in electrophysiological
priming of words by object shape, around the developmental time
point of the vocabulary spurt.
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